Abstract: Heparin, an anticoagulant, has been used in many forms to treat various diseases. These forms include soluble heparin and heparin immobilized to supporting matrices by physical adsorption, by covalent chemical methods and by photochemical attachment. These immobilization methods often require the use of spacers or linkers. This review examines and compares various techniques that have been used for the immobilization of heparin as well as applications of these immobilized heparins. In the applications reviewed, immobilized heparin is compared with soluble heparin for efficient and versatile use in each of the various applications.
INTRODUCTION
Heparin is one of the most intensively studied glycosaminoglycans (GAGs) as a result of its anticoagulant properties. Heparin is a mixture of linear anionic polysaccharides having 2-O-sulfo--L-iduronic acid, 2-deoxy-2-sulfamino-6-O-sulfo--D-glucose, -D-glucuronic acid, 2-acetamido-2-deoxy--D-glucose, and -L-iduronic acid as major saccharide units. These are joined through 1 4 glycosidic linkages. The presence and frequency of these saccharide units vary with the tissue source from which heparin is extracted. Fig. 1 compares the structure of heparin with structures of other common glycosaminoglycans, based on their major and minor repeating disaccharide units.
In addition to unfractionated pharmaceutical heparin, there are partially depolymerized forms called low molecular weight (LMW) heparins and a synthetic heparin pentasaccharide that are currently in clinical use. Systemic intravenous administration of heparin can result in serious side effects including hemorrhage, difficulty in breathing, closing of throat, swelling of lips, tongue or face and less serious ones such as mild pain, redness, warmth and hair loss. The subcutaneous injection of the newer LMW heparins for the treatment of deep venous thrombosis (DVT) has made anticoagulant therapy more effective and easier to administer, making it possible to treat DVT patients without hospitalization and at no increased risk of recurrent thromoembolism or bleeding complications [1] . Heparin immobilized to a surface, enhances various surface properties, improving blood compatibility and biocompatibility. Heparinized surfaces show reduced platelet adhesion, reduced loss of blood cells and increased plasma recalcification time and activated partial thromboplastin time, resulting in improved biocompatibility without compromising thrombo-resistant properties. Immobilized heparin, unlike soluble heparin, also inhibits the initial contact activation coagulation enzymes through an antithrombin III (AT-III) mediated pathway, and thus show better anticoagulant properties [2] . Furthermore, devices utilized in extracorporeal therapy such as dialysis machines equipped with heparin coated tubing can *Address correspondence to this author at the Department of Biology, Rensselaer Polytechnic Institute, Troy, NY-12180; Tel: (518) 276 3404; Fax: (518) 276 3405; E-mail: linhar@rpi.edu potentially avoid side effects associated with systemically administered heparin.
This article reviews the applications of various heparinized (or heparin immobilized) matrices and the techniques available for their preparation. Biomaterials can be defined as materials interfacing with or containing biologically derived components. Such materials have played a vital role in treating or curing diseases. Gold, a relatively inert material, is the oldest biomaterial and still is used in dentistry. Biomaterials have applications in many areas as structural materials, drug delivery matrices, supports in tissue engineering, as well as for many other biomedical applications. Biomaterials can be used as research or bioprocessing tools. Immobilized heparin, for example, is widely used for the affinity chromatographic purification of GAG binding proteins [3, 4] . With the arrival of new technologies for preparing polymers and for designing biomaterials at the molecular level, the next generation of biomaterials with potential applications in biology and medicine are being developed [5] . Polymer coated stents, for example, are being used as controlled release systems for heparin and therapeutic proteins to treat cardiovascular disease.
Depending on the application, biomaterials are required to demonstrate good biocompatibility, appropriate mechanical properties and often biodegradation. Enhanced compatibility with blood is an important property for biomaterial that will be in contact with blood during their clinical application. Heparan sulfate is specialized form of heparin that is found in proteoglycans that line the luminal surface of the endothelium making blood vessels blood compatible. Thus, it is not surprising that the most common approach in preparing synthetic matrices having blood compatibility relies on the surface immobilization of heparin.
THE PHYSIOCHEMICAL PROPERTIES AND THE CHEMICAL REACTIVITY OF HEPARIN
Heparin is a relatively large polysaccharide of average molecular weight ~12,000 (corresponding to 20 disaccharide units) and having a polydispersity of ~ 1.2 -1. 4 and a molecular weight range of 5,000 to 40,000 [6] . The heparin polymer is hydrophilic holding ~ 2-10% water even after extensive drying and is a polyelectrolyte having an average net charge of -75/chain. This charge is maintained through a wide range of pH values as the pKa of its anionic groups are ~3.3 (carboxyl) and ~ 1.0-1.5 (O-sulfo and N-sulfo). While metallic (i.e., sodium, potassium, etc.) salts are infinitely soluble in water, and insoluble in virtually all organic solvents, quarternary alkyl (aryl) ammonium salts are extremely hydrophobic and water insoluble but are soluble in organic solvents [7] . Heparin sodium salt in water exists as an extended helix. The length of a heparin dodecasaccharide is 5 nm, suggesting that heparin is ~9 nm in length [8] .
Heparin has a number of chemically reactive functional groups. Each disaccharide repeating unit contains a carboxyl group. All repeating units contain one or more 1° or 2° hydroxyl groups and an average of 2-2.5 sulfo groups. Nsulfo groups are found in 75-85% of all repeating units. Approximately 15-25% of these repeating units contain a vicinal diol [9] . Each chain contains a reducing end hemiacetal, which is a masked aldehyde group. Heparin contains ~0.3 unsubstituted amino groups/chain. These functional groups can be utilized directly are activated to moieties capable of either directly attaching to a supporting matrix or accepting the introduction of a linker or spacer for attachment to a matrix. Table 1 shows the chemistries that have been employed to prepare immobilized heparins.
APPLICATIONS
Many methods have been used to make biomaterials with enhanced blood compatible surface properties. These properties include increased biocompatibility, decreased platelet adhesion and decreased blood cell loss. Enhanced blood compatibility is often estimated based on increased plasma recalcification time and increased activated partial thromboplastin time.
When a biomaterial is implanted inside a living tissue, or when blood comes in contact with any foreign body, the blood coagulation cascade is triggered ultimately resulting in the formation of a clot. Such clots can stop a biomaterial from properly functioning, endangering the patient's health. All of the factors influencing the compatibility of biomaterials are not currently understood [10] . Nevertheless, there are various techniques available that are known to improve the biocompatibility of biomaterials.
Immobilization of Heparin to Vinyl Copolymer by Covalent Bonding
A commercial ethylene-vinyl alcohol (EVAL) copolymer (3:7 molar ethylene -vinylalcohol ratio) has been used as a biocompatible polymer matrix. Using such a matrix, Marconi and coworkers prepared biocompatible vinyl type polymer surfaces using two bifunctional reagents -adipoyl chloride (APC) and hexamethylene diisocyanate (HMDI) [11] . To increase the surface-volume ratio, the polymer was supported by casting from dimethylformamide onto glass microspheres having an average diameter of 165 m. Fig. 2 shows two schemes used for the preparation of these biocompatible vinyl based polymers. Heparin was incorporated onto the surface of the polymer matrices using 0.1 and 1% heparin concentrations in these reactions.
The heparinized microspheres were filtered after the completion of the reaction and washed at room temperature first with water and then with phosphate buffered saline (PBS) for 24 h. The amount of heparin immobilized was measured by employing toluidine blue dye binding assay. The difference in the absorbance value at 631 nm of the heparin solution before and after the immobilization reaction can be used to calculate the amount of heparin immobilized. This method was modified for use in the presence of organic solvents [12] . Linkers of various lengths such as tetraethylene-pentamine (TEPA) and poly (2-hydroxyethyl) methacrylate (p(HEMA)) were evaluated to study the impact of polymer surface hydrophilicity on the biological activity of the immobilized heparin. Fig. 3 shows the protocol to improve surface biocompatibility using such linkers.
Acrolyl chloride (AC) was used as a linker for TEPA reactions, and HMDI was used as a linker for the pHEMA reactions. The chemical bonding of heparin (as opposed to non-specific adsorption) in the above reactions was confirmed by attenuated total reflection/ Fourier transform infrared (ATR/FTIR) spectroscopy. Heparinized EVAL was also made ionically (Fig. 4) using N,N-diethylethylenediamine (DED) with AC and HMDI as linkers. All the surfaces made were then evaluated for their anticoagulant activity by measuring activated partial thromboplastin time (APTT) following contact with plasma [12] . Better biocompatibility (elongated APTT) was observed in the cases of AC-linked surfaces when compared to HMDI-linked surfaces. The reason for the increased blood compatibility of AC-linked surface was explained by the unreacted AC giving an acidic character to the surface upon hydrolysis, thus resulting in repulsion between these carboxyl groups and the electronegative groups of heparin.
This repulsion presumably increases the exposure of heparin molecule for binding to its cofactor AT-III, enhancing its bioactivity. Table 2 gives the amount of immobilized heparin and measured APTT of AC-linked or HMDI-linked heparinized surfaces with TEPA as spacer. The enhanced efficiency of the ionic immobilization was postulated to result from the slow release of heparin during biological evaluation. This view was supported by the remarkable elongation of APTT at high concentrations of heparin. A correlation between APTT and the heparin content was observed. While AC proved to be a better linker than HMDI, covalently heparinized EVAL through both HMDI linker and TEPA spacer gave a significantly higher biological activity.
Immobilization of Heparin to Polyurethanes by Plasma Glow Discharge
Kang and coworkers prepared functional group-grafted, heparinized polyurethanes (PU) by employing plasma glow discharge [13] . Polyurethaneurea was subjected first to oxygen plasma glow discharge [14] and then treated ( Fig. 6 ) with acryloylbenzotriazole (AB) dissolved in dry diethyl ether solution and maintained at 20 °C for 90 min. The resulting PU-AB surface was then washed with distilled water and 0.005% (w/w) Triton X-100 aq. solution in an ultrasonic cleaner for 20 min, and dried for 48 h under reduced pressure at room temperature. This step was followed by the introduction of either a carboxyl or amino group for the linking of heparin to the surface. The PU-AB surface was treated with 4N NaOH methanolic solution aq. solution for 3 h at room temperature. The surface was then acidified with 10% aq. citric acid in methanol solution to afford PU-COOH. PU-NH 2 was prepared by immersing PU-AB in aq. ethylene diamine (0.01 mol) for 2 h at room temperature. It was then washed by the same method described for PU-AB. The concentration of carboxyl or amino group immobilized was determined by treating with 4N NaOH methanolic solution for 3 h and released benzotriazole was extracted into dimethylformamide and its absorbance determined at 281 nm. The amount of benzotriazole determined is equal to the concentration of carboxyl or amino group formed.
Heparin was then immobilized to PU through these carboxyl or amino groups. PU-COOH film was treated with (EDC) for 24 h at 4°C followed by washing with deionized water. The film was then treated with 100 ml of 0.001% sodium citrate buffer solution of heparin sodium salt for 24 h at 4 °C to yield PU-C-Hep. This heparin immobilized film was then washed with citric acid, 0.1% Triton X-100 in an aqueous methanol solution, and subsequently rinsed with distilled water. Heparin solution was made by dissolving 100 mg of heparin in 80 ml of 10% sodium citrate aqueous buffer containing EDC. PU-NH 2 was then treated with this heparin solution for 24 h at 4 °C to yield PU-N-Hep (Fig. 7) .
The amount of heparin thus immobilized on the surface and its stability were determined ( Table 3 ) by the toluidine blue assay [11] . The sample was immersed in PBS for 1 week. Aliquots were taken at periodic intervals and subjected to the toluidine blue assay to determine the heparin released from the film. The amount of heparin immobilized through the amino group was higher than that through the carboxyl group. However, there was a significant reduction in the amount of immobilized heparin when the film was washed with Triton X-100 instead of distilled water only. This difference suggests that washing the film only with distilled water was not sufficient to remove the physically adsorbed heparin. The stability of covalently immobilized heparin was found to be higher than that of physically adsorbed or ionically immobilized heparin. When immersed in PBS, the film released a small amount of heparin that was physically adsorbed in a few hours.
In 1999, the same research group used acrylic acid and methyl acrylate to control the number of carboxyl groups on the plasma treated PU surfaces. They prepared heparinized PU surfaces using a different linker [15] (Fig. 8) .
The oxygen plasma treated PU (6 cm x 6 cm) was incubated in dry acetonitrile (20 ml) containing acrylic acid (AA) and methyl acrylate (MA) at 65 °C for 5 h to form PU-C. The concentration of carboxyl groups was varied by using a range of AA/MA (0.2/0.8) ratios. The film was washed and the concentration of carboxyl groups was determined by the previously described method [16] . For the introduction of free amino groups, a surface grafting of poly(ethylene oxide) (PEO, MWav = 600 & 3360) was used. PU-C was incubated with an aq. solution of 1-ethyl-3-dimethyl amidopropyl carbodiimide (WSC) in sodium citrate solution at 4 °C for 2 h to activate the carboxyl groups. The film was then immersed in an aqueous solution of amino-terminated PEO at 4 °C for 24 h. The carboxyl groups of heparin were activated using the same approach and then incubated in a sodium citrate buffer containing carboxyl-activated heparin at 4 °C for 24 h to afford a heparinized PU surface.
Heparinized Poly(2-Hydroxyethylmethacrylate) Based Microspheres
Denizli prepared heparinized p(HEMA) based microspheres having a diameter of 150-200 m [17] . The monomer phase containing 2-hydroxyethyl methacrylate (HEMA), a comonomer AA or dimethylaminoethylmethacrylate (DM-AEMA), the linker -ethylene glycol dimethacrylate (EGD-MA) and the polymerization initiator -2,2'-azobisisobutyronitrile (AIBN) was added to a saturated aqueous solution of magnesium oxide. The reactions were carried out at 70 °C for 3 h followed by heating to 90 °C for 1 h. The contents were then cooled followed by filtration to recover the microspheres. Impurities, unreacted monomers, and MgO were removed by washing the microspheres in a packed bed column with dilute HCl solution and water-ethanol mixture. The microspheres were washed with 0.5M NaCl solution and water, dried and activated using aqueous cyanogen bromide at pH 11.5 NaOH for 60 min. The activated microspheres were then washed with 0.1 M NaHCO 3 , ethanolamine and FeCl 3 solution for 1 h to remove the impurities, and to deactivate any remaining active groups, and washed with distilled water having 0.5 M NaCl. CNBr-activated microspheres were treated with heparin solution (1-8 mg/ml) at 25 °C for 2 h to optimize the immobilization. The heparinized microspheres were washed with 0.1 M NaHCO 3 and distilled water and the amount of heparin immobilized on microspheres was measured by toluidine blue assay [11] (Fig. 9) . The amount of heparin immobilized increased with increasing amounts of the activation reagent, CNBr up to 30 mg/ ml, beyond which there was no further increase. P(HEMA) In all the in vitro assays, the microspheres were pretreated with 0.1 M sodium phosphate buffer (pH 7.4) at room temperature for 24 h and washed with 0.5 M NaCl solution and distilled water on a glass filter. Human plasma was preheated to 37 °C for 2 min. For CT, the preheated plasma was treated with 100 mg pretreated microspheres, and CT was determined by fibrometer [18] . For APTT, partial thromoplastin was added to the plasma followed by microspheres. CaCl 2 (0.1 ml, 0.025 M) was added 30 s after the addition of microspheres. APTT was measured by fibrometer [19] . The same method was followed for the measurement of PT, except that the preheated (37 °C for 2 min) thromboplastin was added to the preheated human plasma instead of partial thromboplastin. Fig. 10 shows the results of CT, APTT and PT measurements carried out on various p(HEMA) based surfaces. The clotting times of all the heparinized microspheres were larger than those of unmodified microspheres. P(HEMA) showed the greatest elongation in CT, because of the presence of largest amount of immobilized heparin. These data show that the anticoagulant activity of heparin was retained during the immobilization process.
Immobilization of Heparin and Highly Sulfated Hyaluronic Acid Onto Polyethylene
Favia and coworkers prepared heparinized poly(ethylene) (PE) and hyaluronic acid (HA) immobilized poly(ethylene) by employing two methods -plasma treatment in O 2 /H 2 O radio frequency glow disharges (RFGD) or plasma enhanced chemical vapor deposition (PE-CVD) fed with AA ( Fig. 11 ) [20, 21] . Both methods afforded carboxyl groups on PE surface, which were then utilized in the immobilization (24 h, 4 °C, pH 5-6, morpholine-ethane-sulfonate buffer) of O,O' bis(2-aminopropyl) poly(ethylene glycol) through the formation of amide bonds (Fig. 11) . Activation of carboxyl groups relied on EDC.
These heparinized surfaces were then subjected to thrombin time (TT) experiments. Each substrate surface was placed at the bottom of polystyrene tubes with platelet poor plasma maintained at 37°C for 5 min, human thrombin was added to initiate the coagulation cascade, and clotting time was measured (Fig. 12) . The entire PE surface contained immobilized PEG 500 , 1,2-diaminoethane (DAE), Hep and HA. Immobilization of heparin or HA onto the PE substrates increased the clotting time to about 15 s, when the nonheparinized (or HA) surfaces had a clotting time of only 10 s. This data demonstrates that the anticoagulant property of heparin was preserved on PE surface.
Surface Macromolecular Microarchitecture Design: Photo-Block-Graft-Copolymerization Using N, NDiethyldithiocarbamate
Thrombus formation was observed after the complete release of heparin from cationic biomaterials formed by ionic complex with heparin. This is because heparin-free cationic surfaces induce platelet adhesion and aggregation through the electrostatic interactions of anionic cellular components and the cationic surface. Nakayuma and Matsuda minimized this problem by impregnating heparin onto a non-ionic hydrophilic surface, which results in minimal cell adhesion and protein adsorption [22] . They fabricated a heparinized AB-type-block-graft-copolymer with the use of poly(N-[3-(dimethylamino)propyl]acrylamide) (p(DMAPAAm)) and poly(N, N-dimethylacrylamide) (p(DMAAm)) (Fig. 13) . The authors showed that the top p(DMAAm) layer acted as a shield against adhesion or adsorption, resulting in minimal thrombus formation even after the complete release of heparin. 
Heparinization of DACRON and PTFE Surfaces
Surface modification of Dacron (poly(ethylene-terephthalate)) and PTFE (poly(tetrafluoroethylene)) vascular grafts was reported by Chandy and co-workers [23] . Collagen and laminin were used as linkers of heparin with the surfaces (Fig. 14) . PTFE and Dacron vascular grafts (3 x 5 cm 2 ) were plasma treated (Ar, 150-200 mT, 50 W, 3-5 min), followed by a treatment with 100 mg% collagen IV solution (PBS, pH 7.4, rt, 4 h) to afford a collagen grafted surface. Then these surfaces were treated with 0.6% glutaraldehyde (GA) followed by an incubation in laminin solution at 4 °C to make collagen-laminin-coated Dacron and PTFE.
The carboxyl groups of collagen-laminin (CL) treated surfaces were activated by treating them with EDC. Heparin was dissolved in sodium phosphate buffer, pH 7.4, and then added to the carboxyl-activated-surfaces and maintained overnight at 4 °C. These heparinized surfaces were then characterized by FTIR-ATR, platelet adsorption and fibrinogen adsorption ( Table 4 ). The number of adhering platelets and the amount of adhered fibrinogen observed on heparinized surfaces were significantly reduced when compared with the respective values of corresponding untreated surfaces. 
Biocompatible Surfaces by Immobilization of Heparin in Diamond-Like Carbon Films Deposited on Various Substrates
Steffen and co workers reported heparinization of diamond-like carbon (DLC) deposited on various surfaces such as PTFE, PTFE vascular prostheses, polystyrene and silicon wafers [24] . Low molecular weight heparin (MW av 4000-6000) was used for this purpose. Heparin (0.2 mg/ml) was depolymerized using nitrous acid and treated with NaBH 3 CN in NaCl at pH 3.5 and 50°C for 2 h to achieve a covalent end-point immobilization of heparin [25] . Thrombin tests were accomplished to determine the enhanced blood compatibility of these modified surfaces. Thrombin solution was added to a microdish together with citrated blood plasma, calcium chloride and the DLC-heparin was incubated for 2 min and the clotting time was determined. DLC-heparinization afforded an elongation in clotting time corresponding to an enhancement in their blood compatibilities.
PET Immobilized with Insulin and/or Heparin Using Plasma Glow Discharge
Kim and coworkers [26] employed oxygen plasma glow discharge to produce peroxides on the surface of poly (ethylene terephthalate) that catalyzed the polymerization of acrylic acid, affording carboxyl-containing PET (PET-AA). Grafting of PEO, followed by reaction with insulin and then heparin yielded the insulin-heparin co-immobilized PET. PET-PEO film was immersed in an aqueous solution of insulin with carboxylic group activation using EDC. Heparin was similarly immobilized by immersing carbodiimide activated PET-PEO film in a sodium citrate buffer solution containing heparin. In both insulin and heparin immobilizations, the contents were maintained at 4°C for 24 h followed by washing with PBS and 0.1% Triton X-100 aq. soln. in an ultrasonic cleaner for 5 min. This step was essential to remove the physically adsorbed insulin and heparin. The amount of immobilized insulin and immobilized heparin were determined using the Coomassie brilliant blue G-250 interaction method [14] and toluidene blue method [27] (Fig. 15) . These insulin heparin immobilized PET films were then characterized by attenuated total reflectron FTIR, electron spectroscopy for chemical analysis and a contact angle goniometry. Only 1.8% of the carboxylic acid groups of grafted AA participated in the reaction with the amino groups of PEO. Further, due to the high molecular weight of PEO and steric hindrance of the grafted PEO, only a small percentage of PEOs participated in the reaction with the carboxyl groups on the surfaces. Bioassays such as thrombus formation, plasma recalcification time (PRT), APTT, adhesion and activation of platelets were performed on these samples.
Thrombus formation test, PRT and APTT assays were performed using the previously reported methods [28, 29] . For adhesion and activation of platelets analysis, the citrated blood was centrifuged to obtain the platelet-rich plasma (PRP). PRP was placed on the surface-modified PETs and incubated at 37 °C for 30 and 60 min. PBS was then added to PRP in order to arrest the further platelet adhesion. Finally, the number of platelets adhering to the surface was determined by measuring the lactate dehydrogenase (LDH) activity of cells lysed with Triton X-100 [30] [31] [32] . LDH activity was correlated to platelet by counting in a hemo- Fig. (14) . Schematic representation of PTFE surfaces. (Fig. 16) . The amount of thrombus formed on glass was taken as the standard (100%). PET control and PET-AA resulted in 75% thrombus formation. The introduction of PEO or insulin reduced thrombus formation to 55%. As expected, the introduction of heparin decreased the thrombus formation (28%). The co-immobilization of heparin and insulin reduced thrombus formation to 30%. Plasma recalcification time on surface modified films was compared to glass surface (Fig. 17) . Unmodified PET showed prolonged PRT, which increased slightly in the cases of PET-PEO and PET-In. For PET-Hep and PET-I-H surfaces, PRT was significantly prolonged. PET-AA, PET-PEO and PET-In did not show a significant prolongation in APTT (Fig. 18) . However, PETHep and PET-I-H showed remarkable increase in the APTT (58 and 55 s respectively) suggesting that the thrombin activity had been suppressed by the binding of antithrombin-III with the immobilized heparin. The plot of number of platelets adhering to the surfaces showed that platelet adhesion increased with increased incubation times (Fig. 19) . The number was lower for the PET-PEO and PET-In compared to the plain PET film. The (Fig. 20) . For all the surfaces, in the presence of imipramine, the amount of serotonin released was slightly higher when compared the corresponding values in the absence of imipramine. This observation demonstrates imipramine inhibits the re-uptake of released serotonin [32] . Serotonin release increased in proportion to the increase in the number of adhering platelets. Serotonin released using PET accounted for 66% after 60 min incubation in the presence of imipramine. This further decreased with the introduction of PEO (54%), insulin (55%), and most significantly with heparin (36-39%). Salzman and coworkers [33] have reported an acceleration of serotonin release by a material with a lower platelet adhesion. Mori and coworkers have used PEO as a surface-immobilizing molecule to improve the blood compatibility of the polymers [34] . PETs immobilized with heparin and/or insulin, however, offered a better biocompatibility than the PEO grafted PETs in this study. Low molecular weight of PEO and the presence of positive amino group at the end of grafted PEO were believed to be the reasons for the reduced level of biocompatibility for PEO. The oxygen glow discharge technique to initiate the heparin immobilization had been previously employed by Bae and coworkers [15] to make heparinized polyurethanes.
Immobilization of Heparin to EDC/NHS-Crosslinked Collagen, Characterization and In Vitro Evaluation
Wissink and coworkers [35] reported the immobilization of heparin to the EDC/NHS (N-hydroxy succinimide) crosslinked collagen through carboxyl group activation by EDC/NHS. Collagen has been used as a hemostatic powder or sponge because of its high thrombogenic property [36] , Collagen also induces platelet adhesion and activation of intrinsic blood coagulation. Wissink and coworkers tried to improve the blood compatibility of collagen by immobilizing heparin onto it. Collagen films were first crosslinked using EDC and NHS. 0.05 M 2-morpholinoethane sulfonic acid (MES buffer, pH 5.40) was used during the crosslinking to prevent the hydrolysis of EDC. Collagen films were incubated in EDC/NHS in MES buffer solution (1.731 g EDC; 0.415 g NHS in MES buffer solution per gram of collagen) for 4 h followed by the washing of the films with phosphate buffer and water. Heparin sodium salt was tritiated by treating NaB 3 H 4 to heparin dissolved in distilled water (pH 8.0 adjusted by NaOH) for 3 h. Tritiated heparin was purified by dialysis (PBS buffer) followed by lyophilization. The carboxyl groups of the tritiated heparin were then activated by using EDC/NHS. After this activation step, crosslinked collagen was treated with EDC/NHS activated heparin solution for 2 h followed by a washing with 0.1 M sodium phosphate buffer, 4 M NaCl and water. The optimum conditions for the immobilization of heparin were determined to be 10 min -heparin pre-activation time, 2 h -immobilization time, pH 5.60, 2 % heparin solution, a variable molar ratio of EDC-Hep-carboxyl group of 0 to 2.0, and a fixed molar ratio of NHS to EDC of 0.6. Thrombin tests were performed on the surface modified collagen as a function of EDC: Hep-carboxyl group ratio to study the anticoagulant activity of heparin. The optimum EDC: Hepcarboxyl group ratio for the highest anticoagulant activity (~3.6 mU/cm 2 ) was found to be 0.2, while the anticoagulant activity of the nonheparinized, EDC-NHS crosslinked collagen was only 0.25 mU/cm 2 . Thus, the thrombogenic property of the crosslinked collagen was improved by heparinization. The EDC/NHS crosslinked collagen was also investigated in vivo for its biocompatibility [37] . Heparincollagen immobilization resulted in variable fibrin formation at day 1 and 2. The elevated levels of vascularization, found in the first 3 weeks, was explained as due to the entrapment of heparin binding growth factors present in the tissue surroundings by the collagen-heparin matrices.
Preparation and Characterization of A Poly(2-Hydroxyethyl Methacrylate) Biomedical Gel
Duncan and coworkers [38] enhanced the biocompatibility of p(HEMA) by the immobilization of heparin onto the surface in both heterogeneous and homogeneous phases. For the heterogeneous phase reaction, p(HEMA) beads of uniform size distribution (600 m) were obtained by crushing the p(HEMA) films and passing through a sieve. Glycerol, p(HEMA) beads and heparin were then added to magnesium chloride solution and the contents were mixed for 30 min. Glutaraldehyde (0.5-2 w/v %) was used as a linker for heparin immobilization. The reaction contents were stirred for 24 h. The heparinized p(HEMA) was then obtained by vacuum filtration and washed with distilled water. A homogeneous phase reaction was carried out in dimethyl sulfoxide (DMSO). Magnesium chloride and heparin were added to 10 % p(HEMA) solution in DMSO, and stirred for 30 min, glutaraldehyde (0.5-5 %) was added and the reaction contents were stirred overnight. Heparinized p(HEMA) was obtained by precipitating the DMSO solution slowly in water at room temperature (Fig. 21) .
The amounts of heparin immobilized by both the methods were determined using toluidine assay [12] . The amount of heparin immobilized by the homogeneous phase reaction was found to be greater than in the heterogeneous phase reaction. The anticoagulant activity of the immobilized heparin was determined by using TT and modified APTT studies. TT and APTT, proportional to the amount of immobilized heparin, showed greater anticoagulant activity for the p(HEMA) gel heparinized by homogeneous phase reaction. Thus, bioactive p(HEMA) gels were prepared by immobilizing heparin by using GA as linker.
Effects of Heparin Immobilization on the Surface Characteristics of A Biological Tissue Fixed with A Naturally Occurring Crosslinking Agent (Genipin)
An enhanced hydrophilicity, surface tension and the amount of platelet adhesion has been observed by employing the heparinization of the biological tissues [39] . Tsai and coworkers immobilized heparin on biological tissues by various following approaches such as ionic bonding, multipoint covalent bonding and an end-point covalent attachment (Fig. 22) using GA or genipin (GP) as linkers for this immobilization.
The non-heparinized tissue was used as a control; the pericardium obtained was fixed in 0.625 % GA or GP solution (PBS, pH 7.4) at room temperature for 3 days affording GA-fixed or GP fixed non-heparinized tissue (GA-NH or GP-NP). The tissue with ionically bound heparin (GA-HI or GP-HI) was prepared [40] by first immersing the porcine pericardia in 2.1% protamine sulfate solution for 1 h, followed by fixing with GA or GP solutions followed by a treatment with sodium heparin. The tissue with covalently bound heparin through multi-point attachment (GA-HM or GP-HM) were prepared [41] by treating the pericardia with GA or GP solution as mentioned in ionic bonding, followed by a thorough rinsing and the treatment with sodium heparin for 24 h and subsequently with EDC for 4 h. The pH was adjusted to 5.0 by adding HCl. The heparinized tissues were then fixed with GA or GP solution again for 3 days. The same method [25] used for making heparinized PU was followed to make the tissues with covalently bound heparin through end-point attachment (GA-HE or GP-HE). Blood compatibility studies such as plasma protein adsorption (Table 5 ) and the platelet adhesion (Table 6 ) studies were performed using these heparinized surfaces. Heparinization of GA and GP fixed tissue increased their hydrophilicity and reduced their mole ratio of adsorbed fibrinogen to adsorbed albumin and also the amount of adhered platelets. The cellular compatibility of the GP-fixed tissues with or without the immobilization of heparin was greater than the corresponding GA-fixed tissues. 
Surface Modification and Blood Compatibility of Polyacrylonitrile Membrane with Immobilized ChitosanHeparin Conjugate
The blood compatibility of polyacrylonitrile (PAN) polymers is insufficient in spite of their very good biocompatibility [42] , necessitating the systemic or intravenous administration of heparin during hemodialysis. Yang and Lin prepared heparinized PAN membranes through carboxyl Fig. (21) . Heparinized PHEMA hydrogel. groups (by hydrolysis of PAN using NaOH) and chitosan [43] (Fig. 23) . The PAN polymer was first made into flat sheets by mixing 15% (w/w) PAN and 2.5% (w/w) poly (vinylpyrrolidone) in dimethyl formamide at 80 °C for 2 h followed by casting on a glass plate to form a flat membrane. After subsequent washing with water, PAN membrane was incubated in 100 ml of aqueous NaOH solution at 40 °C to introduce the carboxyl groups on the PAN surface (PAN-A).
A maximum surface density of carboxyl groups of 88 nmol/cm 2 was achieved at 10 min of incubation time.
Heparinization of PAN was done using two approaches (1) through EDC linking as mentioned earlier and (2) through chitosan oligosaccharides. In the second approach, the EDC coupled PAN (PAN-EDC) was immersed in phosphate buffer solution pH 7.4 containing 1% (w/w) chitosan at 4 °C for 24 h to make the chitosan coupled PAN (PAN-C) which was then treated with the linker, 0.5% glutaraldehyde solution for 30 min at 50 °C. The resulting membrane was then treated with 20 ml heparin solution (20 IU/ml) in citric buffer pH 4.0 at 50 °C for 2 h to afford the heparinized PAN surface (PAN-C-H). The blood compatibility of the heparinized PAN surfaces was measured by APTT studies ( Table 7) . The APTT of the plain PAN was almost similar to that of the glass surface. PAN-C-H showed elongated APTT time compared to PAN-A-H, because of higher surface density of heparin present on the PAN-C-H (3.41 g/cm 2 ) compared to that of PAN-A-H (2.52 g/cm 2 ). The stability of heparin measured by monitoring the release kinetics of heparin was higher in the case of PAN-C-H than in PAN-A-H. 
Covalent Immobilization of Chitosan/Heparin Complex with A Photosensitive Hetero-Bifunctional Crosslinking Reagent on PLA Surface
Chitosan was used as a linker to form heparinized poly (lactic acid) (PLA) surfaces. Zhu and coworkers used 4-azidobenzoic acid, a photosensitive hetero-bifunctional crosslinking reagent to couple chitosan with PLA [44] . Chitosan, EDC and 4-azidobenzoic acid were stirred with N,N,N',N'-tetramethylethylene diamine (TEMED) in methanol at room temperature for 72 h and filtered to yield 4-azido-benzoic acid bonded chitosan (Az-CS). The powder was then washed with methanol, dried and dissolved on 1% aq. acetic acid/methoxyethanol solution. This solution was cast on a PLA film and dried in a dark dessicator, followed by an irradiation by Hg lamp for 1 min. The surface was then washed with 1% aq. acetic acid, 0.05%NaOH and water and dried (PLA-CS). This film was then immersed in heparin solution (acetate buffer pH 4.5) for 24 h, washed with water and dried to afford heparinized PLA surfaces (PLA-C-H). All these PLA surfaces were then subjected to L929 cell adhesion studies ( Table 8 ). The number of cells adhered increased after chitosan coating and also with subsequent heparinization. This might probably because of the enhanced hydrophilicity of the PLA surface upon chitosan and heparin immobilization. 
Physicochemical and Blood Compatibility Characterization of Heparin Functionalized Polypyrrole Surface
The electrically conductive polypyrrole (PPY) film was heparinized by covalent linkage through cyanuric chloride (CC) activation (Fig. 24) [45] . PPY film was first treated with plasma glow discharge (35 W, Ar pressure 0.6 torr, oscillator frequency 40 kHz) for 10 s. The plasma treated PPY films were then exposed to air to enhance the formation of surface oxides and peroxides. The films were then treated with poly(ethyleneglycol) methacrylate (PEGMA) solutions of concentrations from 0.5 to 10 % (v/v) in water, followed by an exposure to UV radiation for 60 min at 28 °C. The grafted films were water washed at 50 °C for 24 h to remove unreacted monomer and homopolymer to afford PEGMA-PPY film. PEGMA-PPY film was then stirred in NaOH at 0 °C to 4 °C. Ice cold acetone containing 2 g of CC was added dropwise to the above contents and the pH was adjusted to 7.0 by Na 2 CO 3 . After 5 h, the film was washed with acetone and water and dried under vacuum (PPY-PEGMA-CC).
PPY-PEGMA-CC was then immersed in 3 mg/ml heparin solution in formamide for 3 days. In this approach, heparinization of PPY occurred through the coupling of hydroxyl or amine groups of heparin with the chloride of CC on the PPY surface. The film was then washed thoroughly with acetone and water to remove the unreacted and weakly bound heparin from the surface to afford PPY-PEGMA-CC-heparin. The pristine and the surface modified PPY films were then subjected to PRT studies ( Table 9 ). Heparinization of PPY significantly elongated the PRT (500 s) when compared to the PRT of the pristine PPY (270 s). The introduction of CC, however, decreased the PRT implying that CC activates the coagulation cascade easily. PPY film along with its intrinsic good electrically conductive properties has also good biocompatibility upon heparinization.
Protein Adsorption and Platelet Adhesion of Polysulfone Membrane Immobilized with Chitosan and Heparin Conjugate
The blood compatibility of polysulfone (PS) membranes was enhanced by the immobilization of heparin through chitosan linkers. Yang and Lin performed [46] this heparinization by a couple of approaches: first directly on the PS surface through acrylic acid linker, second through acrylic acid and chitosan linkers (Fig. 25) .
A casting solution containing 20 % (w/w) PS, 2.5 % (w/w) polyvinylpyrrolidone and 77 % (w/w) N,N-dimethy- (2 2 cm 2 ) was then treated with aqueous acrylic acid solution containing FeSO 4 (to prevent the auto-polymerization of acrylic acid) at 65 °C for 2 h followed by sonication with 0.1 % (w/w) sodium dodecyl sulfate for 15 min to form PS-A. PS-A was immersed in 20 ml of 0.01 M EDC at 4 °C for 24 h followed by sonication in water to afford PS-A-EDC. PS-A-EDC was then incubated with 0.1 % (w/w) chitosan in 1 % (v/v) acetic acid at 4 °C for 24 h. Chitosan of various molecular weights (1170 (CSO), 160000 (C16), 400000 (C40)) were used in this step. Heparin was immobilized on PS-A (first approach) by immersing PS-A in citric buffer containing 0.01 M EDC at 4 °C for 24 h followed by treating with 10 IU/ml of heparin in citric buffer at 4 °C for 24 h. In the second approach, PS-AChitosan was treated with phosphate buffer (pH 7.4) containing 0.5 % GA for 30 min followed by 10 IU/ml of heparin for 2 h. In both the approaches, after the immobilization, the films were washed with concentrated salt solution to remove the physically and ionically bound heparin followed by vacuum drying at 40 °C for 12 h. APTT and platelet adhesion studies were performed in order to evaluate the surface properties of heparinized PS film (Table  10) . Platelet adhesion studies were performed with the platelet rich plasma (PRP) of human whole blood. The platelet adhesion (%) was calculated by the equation platelet adhesion (%) = 100 (n 0 -n t )/n o , where n o and n t are the platelet counts before and after contacting the film. In APTT study, the untreated and the ozone PS films behaved similar to the negative control in platelet poor plasma (PPP). Heparinization of the PS film prolonged the APTT, however, with the chitosan linker, the enhancement was better. Higher the chitosan MW, the longer APTT was prolonged, suggesting the better exposure of heparin with longer linkers. The percentage of platelets adhered was also less with the heparinized surfaces, less with longer linkers, in consistent with the APTT studies.
Simple Method for Immobilization of Bio-Macromolecules Onto Membranes of Different Types
Immobilization of heparin onto various surfaces was performed also through a combination of electrostatic interactions [47] . In this approach, a polyelectrolyte layer was adsorbed on an oppositely charged membrane by electrostatic interaction, resulting to an inversion of the original charges on the membrane. The immobilization of heparin to this charge-modified membrane became straightforward by electrostatic interactions. AN69 and PSU-SPSU (polysulfone of Udel-sulfonated polysulfone) membranes were heparinized by this approach using polyethyleneimine (PEI) as the electrolyte. The first step involved immersing the membrane in a 0.5 % (w/w) PEI solution (pH 8.5-10) for 10 min followed by a thorough washing with water. The final step involved the treating of this PEI coated membrane with an aqueous solution of heparin (5 mg/ml) for 30 min at room temperature. Adsorption of heparin on to the membranes was successfully confirmed by dye binding assays with anionic Red Ponceau S and cationic Brilliant Green dyes at various steps of the immobilization process. The anticoagulant activity of heparin followed by measuring the cephalin-kaolin time and PT, however, was found not significant enough to conclude the presence of heparin in its bioactive form. This absence of anticoagulant activity might probably be due to either an ineffective way of immobilization or inactivation of heparin upon immobilization. 
Covalent Immobilization of Heparin on PLGA Surface
Poly(lactic acid-co-glycolic acid) (PLGA) is known for its excellent biodegradability, good mechanical properties and a degradation time comparable to the natural healing The bioactivity of immobilized heparin was then evaluated by platelet adhesion and hepatocyte culturing studies. Platelet adhesion studies aided by scanning electron microscopy confirmed the enhancement of the blood compatibility of the PLGA surfaces upon the immobilization of heparin. Heparinization resulted in almost no platelet adhesion on the PLGA surface when compared to the controls (unmodified and chitosan linked PLGA surfaces). Hepatocytes (obtained from adult rat) seeded on chitosanlinked and heparinized-PLGA surfaces showed excellent proliferation compared with the unmodified PLGA surfaces. The number of cells stayed significantly high untill the completion of the experiment in the cases of chitosan-linked and heparinized surfaces, confirming the presence of immobilized heparin in its native bioactive state.
Hemocompatibility of Polyacrylonitrile Dialysis Membrane Immobilized with Chitosan and Heparin Conjugate
Polyacrylonitrile (PAN) membrane was coated with chitosan (CS)/heparin (HEP) polyelectrolyte complex through covalent attachment in order to make the PAN membrane useful for renal dialysis with reduced immunogenic effects [49] . The scheme for the covalent attachment of the CS/HEP complex with the PAN membrane is shown in Fig. 27 . PAN membrane was prepared by membrane casting method, briefly by casting a polymer solution (15 % PAN in DMF) on a glass plate and immersing in deionized water to form a flat membrane. These membranes were then treated with 1 M NaOH for 10 min to convert the cyanide groups to carboxylic groups. The direct heparinization on the PAN membrane (PAN-H) was achieved through EDC in citric buffer (pH 4.8) (Fig. 27 (A) ). In another approach, carboxylic-bearing PAN membranes were treated with EDC (in citric buffer solution), followed by CS (0.25 mg/ml in 1 % acetic acid solution) to afford chitosan immobilized PAN (PAN-C).
PAN-C was then immersed in glutaraldehyde (GA) for 30 min followed by washing with PBS and water. Finally, heparin (1000 IU/ml, PBS solution) was treated with GAtreated PAN-C at 4 C for 30 min. These membranes were then subjected to Soxhlet extraction to remove residual GA, and to afford the CS-HEP conjugated PAN membrane (PAN-C-H).
These two types of surface modified PAN membranes were then evaluated for protein adsorption and platelet adhesion, metabolites permeation and anticoagulant activity. Water contact angle which is a measure of hydrophilicity of a surface increased with heparinization. PAN-C-H showed the highest hydrophilicity followed by PAN-H and then by PAN-C. Human serum albumin (HSA, M w = 65,000) and human plasma fibrinogen (HPF, M w = 341,000) were subjected to adsorption studies on the modified PAN surfaces (Fig.  28) . The heparinized PAN surfaces (PAN-H and PAN-C-H) showed less plasma protein adsorption. PAN-C-H showed up to 38 % and 26 % reduction of plasma protein adsorption when compared to those of PAN. PAN-C-H showed less protein adsorption than that of PAN-H. The increased adsorption of other surfaces is explained by electrostatic interactions between proteins and surfaces. A similar trend was observed in the platelet adhesion studies as well.
PAN-C membrane showed a slightly higher thrombus formation that that of the original PAN membrane, while heparinized PAN membranes reduced the thrombus formation by almost 2/3 of that of the original value. Blood coagulation studies including APTT and PRT showed the excellent blood compatibility of the heparinized membranes. PAN-H and PAN-C-H membranes showed APTT values of around 140 s and 200 s (no clotting) when compared to the 38 s of the original membrane. These studies proved the presence of bioactive heparin immobilized on the dialysis membranes, and thereby facilitating the use of PAN membranes in human dialysis treatment with enhanced blood compatibility.
Immobilization of Heparin on PVDF Membranes with Microporous Structures
Heparinized poly (vinylidene fluoride) (PVDF) was prepared [50] by Lin and coworkers through plasma induced polymerization of acrylic acid. This approach is similar to that of followed by Kim and coworkers [26] . The only difference in this approach was heparin was directly linked to poly (acrylic acid) through EDC rather than through PEO. In this work, PVDF membranes were prepared with varying surface porosities and used for immobilization of heparin. These heparinized membranes were able to inhibit platelet adhesion proving the enhanced blood compatibility of these membranes.
Immobilization of Heparin in Cellulose Matrices Using Ionic Liquids
Novel cellulose-based heparinized biocomposites, reported by Linhardt and coworkers, exploited the enhanced dissolution of polysaccharides in room temperature ionic liquids (RTILs) [51] . The ability of RTILs (e.g., 1-ethyl, 3-butylimidazolium benzoate) to dissolve heparin, heparan sulfate, chondroitin sulfate and hyaluronic acid was demonstrated in preliminary studies [52] . A second RTIL 1-butyl, 3-methylimidazolium chloride, reportedly dissolved unmodified cellulose on application of microwave irradiation [53] . By combining these RTILs, various blood compatible cellulose-based biomaterials were fabricated in the form of membranes [51] and fibers [54] .
This simple approach involves mixing of two RTIL solutions each containing either cellulose or heparin and making a composite structure out of the mixed solution. A co-solvent ethanol was then used to dissolve both the RTILs leaving a composite containing heparin dispersed uniformly in cellulose matrix. A heparin-cellulose composite membrane prepared by this approach was found to have excellent blood compatible properties when compared to other polymeric surfaces that were heparinized through covalent bonding (Fig. 29) . The composite membrane was also evaluated for its potential use in kidney dialyzers through an equilibrium dialysis experiments on two substrates, urea and bovine serum albumin (BSA). Urea reached equilibrium within 60 min while BSA did not reach equilibrium for 45 h. This result suggests that the composite membrane has appropriate selectivity for use in kidney dialyzers. The presence of heparin in this composite membrane should avoid the requirement of systemic administration of heparin during renal dialysis, and cellulose will act as the dialyzer.
Cellulose-based blood-compatible fibers were also fabricated from the same system using electrospinning technique [54] . Electrospinning technique involves exposing a drop of solution containing a polymer dissolved in a volatile solvent to a high voltage (~ 15 -20 KV). Cellulose-heparin fibers formed by this approach were found to prolong the clotting time of human whole blood as measured by Thromboelastography (TEG). TEG measures the overall clotting kinetics of human whole blood. These composite fibers had superior blood compatible properties when compared to mere cellulose fibers. Heparin, a biomolecule, stayed active even after exposure to this high voltage.
Heparinized Carbon Nanotubes
Various nanomaterials including metallic nanoparticles, dendrimers, carbon nanotubes (CNTs) and fullerenes, and polymeric nanoparticles are being proposed for biomedical in vivo applications including drug delivery matrices, artificial implants, and diagnostic and imaging probes. Linhardt and coworkers introduced an approach to immobilize heparin on to nanomaterials to address blood compatibility issues [55] . As a model study, heparinized carbon nanotubes were prepared, and their blood compatible properties were evaluated. Heparinization involved three simple steps, firstly a coating of CNTs with an amino-polymer, such as PEI. This coating relies on hydrophobic interaction to introduce free amino groups on the surface of the CNTs. Second, the hydroxyl groups present in heparin were activated using cyanogen bromide (Fig. 30) [7] . In the final step, the activated heparin was conjugated to the PEI-coated CNTs. The amount of heparin loaded on to the CNTs through this approach was approximately 30(w/w) as measured by carbazole assay. The blood compatibility of these heparinized CNTs was then evaluated using APTT (Fig. 31) .
Pristine CNTs yielded APTT values similar to the control (no CNTs). PEI-CNTs, however, prolonged the APTT slightly probably because of their increased hydrophilicity upon PEI coating. Heparinized CNTs significantly improved the APTT values, demonstrating that heparin retained its anticoagulant activity even after its immobilization on to CNTs. These heparinized CNTs are proposed as potential building blocks for constructing nanodevices meant for in vivo biomedical applications including targeted drug delivery, artificial implants, and imaging and diagnostics.
CONCLUSIONS
Heparin, a major biomolecular drug, has great significance in regulating many biological pathways including cellcell recognition, signal transduction, growth processes, coagulation cascade and the cellular interaction of growth factors. The half-life of heparin in the body is too short for many of these potential applications. Heparin's pharmacokinetics and pharmacodynamics can be improved by attaching it to solid supports, reducing the rate of its metabolic breakdown. This review has examined various immobilization approaches that have proven useful in incorporating heparin on to a variety of solid supports useful in biomedical applications. These immobilization techniques and the wide range of solid supports (from polymers to nanomaterials) have been examined. The types of supports and immobilization chemistries have been evolving with the rapid changes taking place in the cutting edge technologies driving new biological and biomedical applications. The future of heparinized biomaterials in medicine and medical devices is ensured by these developments. 
